. Spatiotemporal electrical and motility mapping of distension-induced propagating oscillations in the murine small intestine. Am J Physiol Gastrointest Liver Physiol 289: G1043-G1051, 2005. First published August 11, 2005; doi:10.1152/ajpgi.00205.2005.-Since the development of knockout animals, the mouse has become an important model to study gastrointestinal motility. However, little information is available on the electrical and contractile activities induced by distension in the murine small intestine. Spatiotemporal electrical mapping and mechanical recordings were made from isolated intestinal segments from different regions of the murine small intestine during distension. The electrical activity was recorded with 16 extracellular electrodes while motility was assessed simultaneously by tracking the border movements with a digital camera. Distension induced propagating oscillatory contractions in isolated intestinal segments. These propagating contractions were dictated by the underlying propagating slow wave with superimposed spikes. The frequencies, velocities, and direction of the propagating oscillations strongly correlated with the frequencies (r ϭ 0.86), velocities (r ϭ 0.84), and direction (r ϭ 1) of the electrical slow waves. N -nitro-L-arginine methyl ester decreased the maximal diameter of the segment and reduced the peak contraction amplitude of the propagating oscillatory contractions, whereas atropine and verapamil blocked the propagating oscillations. Tetrodotoxin had little effect on the maximal diameter and peak contraction amplitude. In conclusion, distension in the murine small intestine does not initiate peristaltic reflexes but induces a propagating oscillatory motor pattern that is determined by propagating slow waves with superimposed spikes. These spikes are cholinergic and calcium dependent. slow wave; spike; enteric nervous system; small intestine; mice; peristalsis THE SMALL INTESTINE produces a variety of motility patterns to ensure appropriate mixing and propulsion of contents during absorption, digestion, and excretion of food (6, 21). These organized motility patterns are the result of cooperation between smooth muscle cells, interstitial cells of Cajal, and enteric nerves (13). Several patterns of motility have been described such as peristaltic contractions (11, 26), segmental contractions (9, 10), and pendular movements (20, 25) . Most studies have focused on the peristaltic contractions of the guinea pig small intestine using an in vitro modified Trendelenburg setup (23, 27) . Only a few studies have investigated other motor patterns (10, 25) .
slow wave; spike; enteric nervous system; small intestine; mice; peristalsis THE SMALL INTESTINE produces a variety of motility patterns to ensure appropriate mixing and propulsion of contents during absorption, digestion, and excretion of food (6, 21) . These organized motility patterns are the result of cooperation between smooth muscle cells, interstitial cells of Cajal, and enteric nerves (13) . Several patterns of motility have been described such as peristaltic contractions (11, 26) , segmental contractions (9, 10) , and pendular movements (20, 25) . Most studies have focused on the peristaltic contractions of the guinea pig small intestine using an in vitro modified Trendelenburg setup (23, 27) . Only a few studies have investigated other motor patterns (10, 25) .
Since the development of knockout animals, the mouse has become an important model to study gastrointestinal motility. Genetically modified animals offer an additional approach to the pharmacological study of characterizing the receptors involved in the motor function of the gut (1, 3) . It is therefore of importance to describe normal murine gastrointestinal motor patterns.
In recent years, high-resolution spatiotemporal motility and electrical mapping have been introduced in gastrointestinal research (11, 16, 17) . In this study, we used high-resolution spatiotemporal electrical and motility mapping to simultaneously study electrical and motor activities in different regions of the murine small intestine before and during distension.
We found that, in contrast to motility behavior in other animals, distension does not induce peristaltic contraction in the small intestine of mice. Instead, sigmoidal or oscillatory contractions that propagated in the oral or aboral direction occurred. Electrical recordings showed that these propagating oscillations were dictated by the timing and direction of propagation of underlying slow waves with accompanying action potentials.
METHODS
All experimental procedures were approved by the Animal Research Ethical Committee at the United Arab Emirates University. After an overnight fast, male mice (average weight: 30 g) were anesthetized with diethyl ether and killed by exsanguination. The small intestine was exposed by a midline abdominal incision, rapidly removed, and placed in cold aerated Tyrode solution [containing (in mM) 130 NaCl, 4.5 KCl, 2.2 CaCl 2, 0.6 MgCl2, 24.2 NaHCO3, 1.2 NaH 2PO4, and 11 glucose]. The small intestine was gently flushed, and, subsequently, segments (length: 2.5-3.5 cm) of the duodenum, jejunum, proximal ileum, or distal ileum were prepared. The duodenal segments were taken 0.5 cm distal to the pyloric sphincter, the jejunal segments 1 cm postligament of Treitz, and the proximal and distal ileum segments, respectively, 10 and 1 cm proximal to the ileocolic junction.
After preparation, the intestinal segments were mounted in a 45-ml organ bath and superfused with a modified Tyrode solution (100 ml/min) that was saturated with 95% O 2-5% CO2 and kept at 37 Ϯ 0.5°C. The oral side of the intestinal segment was connected to a perfusion pump (inflow: 0.15-0.5 ml/min). The distal side was connected to a tube, the outlet of which could be increased in height (Fig.  1A) . Soot markers were placed on the serosal surface of the segment (16) . A digital video recorder was positioned in front of the organ bath, and a row of 16 extracellular electrodes was gently put on the serosa of the intestinal segment. After a 30-min equilibration period, propagating oscillations of the intestinal segments were elicited by luminal perfusion against an aboral pressure of 2.5-3.0 cmH 2O. The Fig. 1 . A: diagram of the experimental setup. An isolated murine jejunal segment is connected to an inlet (infusion rate: 0.15 ml/min) and an outlet that can be raised to 2 cm to induce distension. An array of 16 extracellular electrodes and a digital video camera record the electrical and motility activities, respectively. B: snapshot of one frame of the video recording indicating the border analysis performed. An area of interest, indicated by the white rectangle, is selected spanning the intestinal border at the contralateral side of the electrode array. After the threshold value is set, the program determines the location of the border in the area of interest at 32 positions (white dots). C: movement of each dot in time. Dot 1 is located at the oral end, and dot 32 is located at the aboral end. Circular contraction occurs when the dots move upwards. The vertical line indicates the timing of the snapshot. Fig. 2 . At 0 cmH2O of pressure, the isolated jejunal segment generated strong rhythmic (pendular) longitudinal contractions and very weak irregular circular contractions (left). After a step increase of the intraluminal pressure to 2 cmH2O, regular circular contractions were immediately induced while the pendular contractions continued (middle). When the intraluminal pressure was decreased back to resting level (0 cmH2O; right), the propagating circular contractility immediately disappeared without a major change in longitudinal contractions. The circle in the left snapshot indicates the location of the soot marker that was tracked to generate the longitudinal tracing. electrical and motor activities of these oscillations were mapped with the extracellular electrodes and the digital video camera, respectively.
Electrical activities were recorded with a single longitudinal row of 16 extracellular unipolar AgCl 2 electrodes (Teflon-coated silver wires; 0.3 mm interelectrode distance; 5.5 mm total distance; Fig. 1 ). The electrodes were connected to 16 alternating-current preamplifiers (gain: 4,000), where the signals were subsequently filtered (2-400 Hz), digitized (8 bits, 1 kHz sampling rate/channel), transferred to a personal computer, digitally filtered (20-point running average), and displayed on screen. After the experiments, the recorded electrical signals were further analyzed with Smoothmap software (custom developed, written in Delphi) (17) .
Motility recordings were performed with a digital video camera (Sony DCR-TRV 10 E; Fig. 1 ). After the experiments, periods of interest were transferred by IEEE 1394 (firewire) to a Mac G4 (Apple) using a commercial software package (iMovie, Apple). For analysis, the video files were converted at 25 frames/s (40-ms interframe interval, Quicktime). After conversion, all frames were sequentially analyzed using a custom-made software package (Motilitymap 1.3 software, written in Real Basic 5.0) (16) . An area of interest, as indicated by the white rectangle in Fig. 1B , was selected spanning the intestinal border at the contralateral side of the electrode array. After the threshold value was set, the program determined, frame by frame, the location of the border at 32 positions (white dots in Fig. 1 , B and C). In addition, the movements of the soot markers were tracked to determine longitudinal contractions (15) .
In the first series of experiments (n ϭ 21), the electrical and motility activities of the propagating oscillations were simultaneously recorded during distension periods of 1-3 min. To synchronize the electrograms with the video signals, a digital stimulator (Neuro Data PG 4000) produced rhythmic pulses that were fed into one of the amplifiers and converted in an auditory signal that was recorded by the video camera. In the second set of experiments (n ϭ 16), we performed pharmacological studies. When the preparations produced propagating oscillatory contractions during distension, tetrodotxin (TTX; 3 ϫ 10 Ϫ6 M), atropine (10 Ϫ6 M), verapamil (10 Ϫ5 M), and N -nitro-L-arginine methyl ester (L-NAME; 3 ϫ 10 Ϫ4 M) were added to the circulating Tyrode solution. Two 1-min recordings were made: the first just before the addition of the drug and the second 5 min after drug administration.
Oscillation contractions and slow wave frequencies are expressed as cycles per minute. Conduction velocities of the slow wave and oscillations are presented as centimeters per second. The peak contraction amplitude was calculated by the following equation: [1 Ϫ (minimum diameter/maximal diameter)] ϫ 100 and expressed as the percent reduction in intestinal diameter. All data are shown as means Ϯ SD, and n refers to the number of animals from which the data were obtained.
TTX, verapamil, L-NAME, and atropine were purchased from Sigma-Aldrich (St. Louis, MO), dissolved in distilled water, and added to the tissue bath Tyrode solution.
All data were analyzed with SPSS 11.0 for Windows software (SPSS; Chicago, IL) and Graphpad Prism 4 software (GraphPad Software; San Diego, CA). Paired data were compared using paired Student's t-test. Unpaired data were analyzed using ANOVA as appropriate. P values of Ͻ0.05 were considered to be significant. For the correlation studies, data from motility mapping were combined with the results of the electrical recordings, and Spearman correlation coefficients (R) were determined. P values of Ͻ0.01 were considered to be significant.
RESULTS
At 0 cmH 2 O of intraluminal pressure, the isolated murine small intestine showed strong pendular movements in the longitudinal direction with few or no circular contractions (Fig.  2, left) . When the outlet was raised to 2 cmH 2 O (Fig. 1) , the segment became distended, and circular contractions occurred at the same rhythm as the continuing pendular contractions (Fig. 2, middle) . When the outlet was returned to 0 cmH 2 O of pressure, the circular contractions, but not the longitudinal contractions, immediately stopped (Fig. 2, right) . The series of snapshots taken during such an event shown in Fig. 3 highlights the circular contractile activity during distension. This is Fig. 3 . Sequential snapshots of an isolated murine duodenum before and during distension. Before distension, there was hardly any movement of the selected border in this period of 2 s, whereas during distension, the border showed considerable circular movements. The electrical and motility traces of this experiment are shown in Fig. 4 .
further presented at a high resolution and for a longer period of time in Fig. 4 , together with the simultaneously recorded electrical activities. Figure 4 , A and B, shows the situation before distension. Four slow waves propagated, in this case, in the oral direction, followed by little or no action potentials (spikes). The border of the segment showed hardly any mechanical activity in the circular direction (Fig. 4B ). Upon distension (Fig. 4, C and D) , the slow waves continued to propagate in the oral direction but were now followed by several large-amplitude spikes. These spikes occurred in practically all leads, spanning the length of the segment, and occurred after every slow wave. At the same time, the border of the segment showed oscillatory contractions (Fig. 4D) . Moreover, these oscillatory contractions did not occur simultaneously along the length of the segment but occurred earlier in the distal part and later in the oral part. The arrow in Fig. 4D shows that the slow wave propagated while the tissue was relaxing from a previous circular contraction. It is also clear that the contraction, followed by the relaxation, occurred in the same direction as the slow wave. Both the spikes and contractions are also linked in time to the slow waves. In this example, the spikes started to occur 274 (Ϯ61 SD) ms after the slow wave, whereas the contraction began 698 (Ϯ57 SD) ms after the slow waves, as measured at each site.
Similar results were obtained from segments originating from all parts of the murine small intestine. Figure 5 shows examples obtained from the duodenum, jejunum, and proximal and distal ileum during distension. Figure 5 shows propagating slow waves followed by spiking activity (top) and propagating oscillations (bottom). Moreover, the direction of the circular contraction always followed that of the slow wave, as indicated by the parallelism of the slow wave arrow (arrows) and the Fig. 3 are indicated below the motility traces (arrows, 0.0 -2.0 s). Before distension, the slow wave (SW) propagated uniformly in the oral direction, whereas the motility traces showed hardly any movements. During distension, the slow waves continued to propagate in the same pattern with the emergence of spikes in most leads and during every slow wave cycle. At the same time, motility traces showed rhythmic oscillations that propagated in the same direction as the slow waves. Dashed lines in C and D indicate the appearance of the first slow wave in the segment at electrode 16. The arrow in D represents the timing and direction of the slow wave propagation as shown in C and indicates that the slow wave propagates while the segment is relaxing from the previous contraction.
onset of the circular contraction (dashed arrows). This was irrespective of whether the slow wave was propagating in the aboral direction (Fig. 5, left and middle left) or in the oral direction (Fig. 5, right middle and right) . Table 1 summarizes the electrical and mechanical activities measured in 21 segments from different parts of the murine small intestine upon distension. There were no statistical differences at any level in the intestine between the slow wave frequencies and the oscillation frequencies or in their velocities of propagation. There was, however, a slight but significant decrease in slow wave frequency down the intestine, and the same gradient was found with the frequency of contraction. Figure 6 plots the correlation coefficients between the electrical and mechanical velocities (left; r ϭ 0.84, P Ͻ 0.001) and electrical and mechanical frequencies (right; r ϭ 0.86, P Ͻ 0.001). In addition, there was a 1:1 correlation between the direction of slow wave propagation and that of the circular contraction.
This linkage between slow waves and circular contractions was not always constant, and occasionally other rhythms could be observed. An example of this is shown in Fig. 7 . In this recording, which lasted for ϳ18 s, the slow waves propagated uniformly in the aboral direction. Spiking activity, however, was not uniform throughout this period. Values are means Ϯ SD; n, no. of animals. One-way ANOVA was used, followed by a Newman-Keuls post hoc test. *P Յ 0.05, significantly different from the duodenum.
Instead, a pattern of migrating bursts could be seen in a cycle of about three to four slow waves. During the first slow wave, spike bursts occurred along the eight to nine oral electrodes. During the second slow wave, all electrodes showed spike bursts, whereas during the third slow wave, only the distal 8 -10 electrodes showed spikes. This pattern was faithfully reproduced by the circular contractions as shown in the motility traces ( Fig. 7B ; group of three arrows). Furthermore, this pattern repeated itself several times during the time course of this recording (groups 2-4) . In summary, despite a constant propagation of the slow wave throughout this period, the propagation of the circular contraction was not continuous as it was also dictated by an alternating pattern of spiking activity. Fig. 6 . A: conduction velocity of the propagating oscillation against that of the underlying slow wave conduction velocity. B: oscillation frequency against the underlying slow wave frequency. In both cases, strong significant correlations were found. Fig. 7 . Rhythmic spike discharges and corresponding motility in an isolated murine duodenum. In this 18-s record, a rhythmic pattern of spiking discharge was identified following regular aborally propagating slow waves (first and last arrow in A). In this pattern, spikes occurred first predominantly in oral leads, followed in the next slow wave by spikes that occurred over the whole length, whereas after the third slow wave spikes occurred predominantly in aboral leads. This rhythm was repeated three times (groups 2-4) during this 30-s record. The motility traces (B) followed this spiking rhythm (dashed box). The three arrows drawn in the motility traces indicate the three individual contraction components of this rhythm.
The linkage between slow waves and spikes and between spikes and circular contractions was also tested by the addition of several drugs: verapamil, TTX, atropine, and L-NAME (Fig. 8) .
Verapamil totally blocked all longitudinal and circular contractile activity in all preparations, and this resulted in an immobile atonic segment. The maximal diameter increased significantly, and the peak contraction amplitude became zero. In the electrical recordings, all spiking activity disappeared, and, in three of the four preparations, no slow waves could be visualized either.
L-NAME did not affect slow waves and spiking activities, but the segments failed to relax, leading to a decrease in the peak contraction amplitude of the propagating oscillations and a decrease in the width of the intestinal segment (Table 2) .
Atropine inhibited spiking activities but not the slow waves. The propagating oscillations stopped, and only weak pendular contractions were found. Concomitantly, the maximal diameter increased, and the peak contraction amplitude dramatically decreased (Table 2) .
TTX essentially had little effect and did not abolish slow waves, action potentials, or propagating oscillations. The maximal diameter of the segment and the peak amplitude of the propagating oscillation were unchanged after the addition of TTX (Table 2) .
DISCUSSION
In contrast to the situation in other species (26) , distension of a segment of the murine small intestine does not induce the stereotypical pattern of propagating peristaltic contraction (peristaltic reflex) that is observed in the small intestine of the Fig. 8 . Effects of verapamil, tetrodotoxin (TTX), atropine, and N -nitro-L-arginine methyl ester (L-NAME) on distension-induced propagating oscillations. Top: snapshots of the preparations. Middle: electrical activities. Bottom: corresponding motility. The control distended preparation shows accompanying electrical and mechanical activities before the addition of verapamil. Verapamil and atropine abolished all spikes and contractions, leaving the segment distended (4.4 and 3.2 mm, respectively). TTX did not affect slow waves, spikes, or motility. L-NAME did not abolish spiking activity upon distension but failed to relax the tissue, leaving the segment relatively constricted. Values are means Ϯ SD; n, no. of animals. TTX, tetrodotoxin; L-NAME, N -nitro-L-arginine methyl ester. A paired Student's t-test was used for analysis. *P Յ 0.05, significantly different from control. guinea pig (22) . Instead, distension of the murine small intestine evoked a pattern of oscillatory contractions that differs from the peristaltic contractions in that the contractions can propagate in either the oral or aboral direction (Figs. 4, 5 , and 7), whereas peristaltic contractions always propagate aborally (2) . The reasons why peristaltic contractions do not occur in the murine small intestine are not clear. Possibly, differences in the architecture or behavior of the enteric nervous system underlie the absence of the peristaltic motor pattern in the murine small intestine.
Huizinga and colleagues (7, 12) have also studied the isolated murine small intestine during distension. They recorded from three individual suction electrodes and from three intraluminal pressure ports while monitoring the outflow (7, 12) . Upon distension, the number of action potentials coupled to the slow waves increased, which led to an increase in intraluminal pressure and an increase in outflow (7). Our results are comparable with their findings. Furthermore, because of our higher resolution, we could better determine the direction of the slow wave propagation and correlate this with the behavior of the intestinal wall. They also reported the occurrence of burst-type activities upon distension, which is probably the same as the cyclic activity we analyzed in Fig. 7 .
The present findings lead us to propose the following model of propagating oscillations, shown in Fig. 9 . In the nondistended murine segment, slow waves occur with little or no circular spikes (Fig. 9A) . Upon distension, the diameter of the segment increases, which, in turn, induces the appearance of action potentials (Fig. 9B) . These spikes, localized as they are in a limited area after the upstroke of the slow wave, induce contraction in that location but not in adjacent areas (Fig. 9C) . Because the slow wave propagates, the area where the spikes occur follows, and, hence, the resulting contraction.
A distinction must be made between the contractions of the longitudinal and circular layer. Longitudinal contractions, also called pendular contractions (11, 20) or sleeve contractions (25) , occur in the presence or absence of distension (Fig. 2) . They also occur at the same rhythm of the slow wave and are likely induced by spikes occurring in the longitudinal layer (15) . The propagating contractions investigated in this study are caused by distension-induced circular spikes that contract the circular muscle layer in the transversal direction. As these spikes often occurred after every slow wave, the contraction pattern resembles a series of oscillations. In short, pendular contractions and propagating oscillations are independent of each other in their mode of induction but share the same frequency as both are driven by the same slow wave.
As shown in Figs. 2 and 7, these patterns of contractions are not always constant and can easily wax and wane. In the case of propagating oscillations, this is determined by whether or not circular spikes follow the slow waves (Fig. 7) . Pendular contractions may also vary (Fig. 2) , depending on the occurrence of longitudinal spikes but also, as recently shown, by the pattern of propagation of the slow wave (15) .
The relationship between slow waves and propagating oscillations is present along the length of the small intestine. As in other species, there was a frequency gradient along the small intestine in mice. The small but significant drop in slow wave frequency down the intestine was faithfully mirrored by an equal reduction in frequencies of the contractions ( Table 1) .
The pharmacological studies confirmed the mechanism of propagating oscillations presented here. Verapamil abolished the initiation of all spikes and reduced the segment into a distended inert tube. As in intact segments from the cat small intestine, verapamil also reduced slow wave activity (19) . Atropine inhibited the distension-induced spiking activity and thereby blocked the propagating oscillations. This suggests that cholinergic pathways are involved in the generation of propagating oscillations.
Because L-NAME blocks endogenous nitric oxide release (5) and thus increases tonus of smooth muscle cells, the diameter of all preparations significantly decreased. The relaxation after the contraction was hampered, and the amplitude of the propagating oscillation during distension was reduced; however, slow wave and spike activity were not affected.
In the presence of TTX, action potentials superimposed on slow waves were not abolished, and, therefore, propagating oscillations with a similar frequency and conduction velocity as before the drug application continued. From these results, we can conclude that despite a blockade of neural activity, the propagating oscillations can occur by smooth muscle excitation (12) . Excitation of intestinal smooth muscle cells by TTX is a well-documented phenomena already described in the 1970s by Bortoff and Muller (4) and Wood (28) . They hypothesized that the blockade of the tonically released inhibitory neurotransmitters by TTX in isolated segments in vitro increased the Fig. 9 . Mechanism of distension-induced propagating oscillations in the murine small intestine. A-D: diagram of the electrical activity in a tubular segment. Upon distension (B), spikes are evoked, which will induce localized contractions (C). As the slow wave propagates (D), it is followed by spikes and, therefore, by the local contraction. excitability of the circular muscle layer to mechanical stimulation. In summary, these results suggest the involvement of L-type calcium channels and cholinergic and nitrergic pathways in the propagating oscillations of the murine small intestine. This is the first time that oscillatory contractions have been reported in the gastrointestinal system of the mouse. In other systems, oscillatory contractions also occur and have been described and simulated (8) . It would be of interest to determine how the propulsive effect of this type of contraction relates to that of other motor patterns, such as peristaltic (14, 18) or pendular contractions (20) . The fact that the direction of the slow wave dictates the direction of the oscillatory contraction may complicate matters because the direction of the slow wave conduction frequently changes in isolated segments of the murine small intestine.
It should be kept in mind that the type of peristalsis studied here is determined and limited by the methodology used. The study was performed in an isolated segment and stimulated by fluid distension and not, for example, by a bolus or local distension (2, 24) .
In conclusion, distension in the mouse small intestine does not induce a peristaltic reflex but a segmental pattern of contraction. These propagating oscillations, a term we propose based on their behavior and pattern, are dictated by the propagating slow wave and occurrence of circular spikes. They occur in all parts of the small intestine, can migrate both orally and aborally, and can be modified by pharmacological tools.
